Introduction
Glutathione transferases (GSTs) are multifunctional enzymes that usually promote the nucleophilic attack of the cysteine thiol group of the tripeptide glutathione (GSH) on molecules having electrophilic carbon, sulfur, or oxygen atoms [1, 2] . Their presence in most eukaryotes, prokaryotes, and archaea reflects their widespread nature and very likely important functions [3] [4] [5] . In plants, GSTs have been first studied in cultivated crops owing to their ability to detoxify herbicides and it was established later on that these enzymes are part of the plant xenome i.e., 'the biosystem responsible for the detection, transport, and detoxification of xenobiotics' [6, 7] . The response to xenobiotic exposure involves large-scale transcriptional gene reprogramming especially for genes encoding proteins that operate in a so-called three-phase detoxification system. During phase I, cytochrome P450 monooxygenases generate reactive centers on the target molecules. These molecules are subsequently conjugated by various phase II enzymes performing reactions such as glutathionylation, acylation, acetylation, methylation, hydration, or glucuronidation. GSTs represent one of these enzyme families. Finally, the conjugated xenobiotic is eliminated from the cytosol by ABC (ATP binding cassette) transporters being sequestered into the vacuole or excreted in the cell wall [6] .
It is worth noting that GSTs form a large number of classes, some of them being specific to some kingdoms or species genera [4, 5] . A recent phylogenetic analysis achieved in photosynthetic organisms indicated that they can be split into at least 14 classes, namely Phi (F), Tau (U), Theta (T), Zeta (Z), Lambda (L), Hemerythrin (H), Iota (I), Ure2p, glutathionylhydroquinone reductase (GHR), elongation factor 1B Gamma (EF1Bc), dehydroascorbate reductase (DHAR), tetra-chlorohydroquinone dehalogenase (TCHQD), metaxin, and microsomal prostaglandin E synthase type 2 (mPGES-2) [8] . Based on the catalytic residue present in the active site signature, these GST classes can be further distinguished as serine-containing GSTs (Ser-GSTs) which include the GSTU, F, Z, T, and TCHQD classes and cysteine-containing GSTs (Cys-GSTs) which include the GSTL, GSTI, GSTH, DHAR, GHR, and mPGES-2 classes [8] . The catalytic residue in GSTs of the metaxin and EF1Bc classes is still uncertain whereas it should be an asparagine in Ure2p [9, 10] . The Ser-GSTs usually catalyze GSH-conjugation and/or peroxide reduction. GSTs of the Zeta class are particular, being involved in tyrosine catabolism through an isomerase activity [11] . On the other hand, Cys-GSTs cannot perform GSH-conjugation reactions but instead catalyze thiol-transferase, DHAR, and deglutathionylation reactions. Hence, the nature of the catalytic residue is critical in determining the type of reaction catalyzed. This is so true that substituting the catalytic serine into a cysteine in some Ser-GSTs or the catalytic cysteine into a serine into some Cys-GSTs is sometimes sufficient to shift from one activity type to another [12, 13] . Most plant GST classes contain only a handful of sequences, generally between 1 and 5 members. However, the GSTF and GSTU classes are usually larger [7] . Moreover, they often share high sequence identities and are arranged in clusters as a consequence of several rounds of tandem and/or large scale duplication events. For instance, the Populus trichocarpa and Arabidopsis thaliana genomes contain 8 and 13 GSTFs and 55 and 28 GSTUs, respectively, which account for roughly 75% of the GST genes [3, 14] . These proportions are inverted in some species since Triticum aestivum possesses 38 GSTFs and 26 GSTUs [15] . It is remarkable that the moss Physcomitrella patens has no GSTU gene but 9 GSTF genes while the lycophyte Selaginella moellendorffii has 47 predicted GSTU genes and only 1 GSTF gene [16] . It is still not understood why so many isoforms have appeared and have been conserved in the genomes of vascular plants and which factors determine which of the GSTF or GSTU classes is expanded.
The fact that specific subsets of GSTs are regulated in response to developmental and environmental signals such as during senescence, xenobiotic or heavymetal exposure, drought, pathogen attack, wounding, hypoxic stress, suggests that some of these GSTs may have acquired specialized functions in response to specific conditions [14, [17] [18] [19] . However, identifying the physiological roles of Ser-GSTs has been somehow troublesome in the past possibly because they have nonessential roles or because the functional redundancy is high, even across classes. For instance, the biochemical characterization of GSTFs and GSTUs showed that their catalytic activities toward herbicides or other model substrates broadly overlap [3, [20] [21] [22] . On the other hand, to illustrate the first point, it is worth mentioning that mutating multiple GSTF isoforms in A. thaliana in a reverse genetic approach did not lead to strong phenotypes but only to minor metabolism changes [23] . Overall, this may point to the promiscuity of these enzymes, having possibly evolved to catalyze similar reactions on close compounds as it is the case for cytochrome P450 monooxygenases [24] .
Despite this, some studies highlighted the existence of specificities among GSTF members. A study focusing on six GSTFs from T. aestivum induced upon herbicide, safener, and flavonoid exposures showed that they have variable biochemical and enzymatic properties [25] . Two of these GSTFs have a high peroxidase activity compared to the others. Among the GSTFs exhibiting a moderate peroxidase activity, the two isoforms with the highest GSH-conjugating activities with 1-chloro-2,4-dinitrobenzene (CDNB) are also inhibited by flavonoids, while the two others are not [25] . In fact, this glutathione peroxidase activity seems to represent another important facet of Ser-GSTs. Indeed, when A. thaliana plants express such a GST with high peroxidase activity from the black-grass Alopecurus myosuroides, which is found at a high constitutive level in this species, they acquire multiple herbicide resistance, concomitantly with the accumulation of flavonoids [26] . Hence, this activity could be critical to control the level of fatty acid hydroperoxides whose byproducts can be harmful but at the same time can act as signaling molecules.
Another example showing the important and sometimes specific roles played by GSTFs is their requirement, together with glutathione, for the biosynthesis of secondary metabolites bearing a sulfur atom. In A. thaliana, GSTF6 would participate to the synthesis of camalexin by catalyzing GSH conjugation to an intermediate product, indole-3-acetonitrile [27] . Although this remains to be demonstrated, it is likely that GSTFs could be also required for the biosynthesis pathway of glucosinolates in A. thaliana. For both pathways, it seems that cytosolic gamma-glutamyl peptidases are important for the catabolism of these GSHconjugated intermediates [28] .
The last identified major functional aspect of these enzymes is the ability of GSTFs to bind molecules nonenzymatically, referred to as ligandin activity. This has been shown for auxin and cytokinin [29, 30] or flavonoids such as quercetin, kaempferol, and anthocyanins [31] and related heterocyclic molecules (harmane, norharmane, indole-3-aldehyde) [32, 33] . While the role associated to the binding of hormones is not clear, it is clear that GSTFs participate in the transport and vacuolar sequestration of flavonoids such as anthocyanins. Indeed, mutants in Petunia hybrida, A. thaliana, Vitis vinifera, or Dianthus caryophyllus failing to express a specific highly conserved GSTF display colorless vacuole phenotypes [34] [35] [36] [37] .
Understanding the GSTF diversity may also come from structural studies. However, only four GSTF crystal structures have been solved so far (poplar GSTF1, AtGSTF2, maize GST-I, and GST-III) [13, [38] [39] [40] [41] . As most GSTs, these enzymes exist as homodimers, the dimerization interface involving hydrophobic surface patches and a particular lock-and-key motif in which the side chain of an aromatic residue extends across the dimer interface. Each monomer of GST possesses two spatially distinct domains: a conserved N-terminal domain with a thioredoxin fold (bababba) linked by a variable linker of approximately 10 amino acids to a more variable C-terminal domain composed of at least four a-helices for GSTFs [13, 40, 41] . The active site is formed by a GSH-binding site (G-site) involving mainly residues from the N-terminal domain and by a substrate-binding site (H-site) constituted by nonpolar residues originating mainly from the C-terminal domain. Two additional ligand binding sites (L-sites) have been identified recently in AtGSTF2 cocrystallized with several secondary metabolites [42] .
In the present study, we report the characterization of P. trichocarpa GSTF members. After producing and purifying recombinant proteins, the diversity among family members has been characterized with regard to their biochemical and structural properties. Notably, the presence of a cysteine residue in the active site signature of GSTF3, F7, and F8 confers them the ability to catalyze deglutathionylation reactions in addition to GSH-conjugation reactions. The results indicate that within the GSTF class, variations in the active site sequences and three-dimensional structures that have appeared during evolution accounted for the acquisition of new activity profiles and generated functional diversity, which should explain at least partially the GSTF family expansion.
Results

Poplar GSTFs are dimeric proteins with different capacities to bind glutathione
In a previous work, we have investigated the structural and biochemical properties of poplar GSTF1 [13] . In order to gain insights into the whole GSTF class in poplar, the properties of the seven other members (GSTF2-GSTF8) were systematically investigated. Based on the overall sequence similarities and on the four-residue active site signatures, four subgroups have been distinguished. The first subgroup is formed by GSTF1 and F2 which have a STAV active site motif, GSTF3 and F7 form another subgroup with a STCT motif, GSTF4, F5 and F6 display STAT or STNT motifs and group together, whereas GSTF8 displays an atypical AVCP active site signature lacking the catalytic serine (Fig. 1) . It diverges from all others whose active site motifs are of the STxx form. It is the clear ortholog (60-80% identity) of GSTFs involved in anthocyanin transport [34, 36] .
After expression of the recombinant proteins in Escherichia coli and purification, yields varied from 20 to 40 mg of purified proteins per liter of culture. The purified GSTFs were then subject to mass spectrometry analyses (Table 1 ). The differences with theoretical masses indicated that the N-terminal methionine was systematically cleaved for all poplar GSTFs as expected from the presence of either an alanine or a valine at the second position. In the case of GSTF3, F7 and F8, a mass increment of~305 Da was Fig. 1 . Structure-based sequence alignment of GSTFs from poplar highlighting their active site motifs. The sequence alignment was generated with PDBeFold [71] and STRAP-NT [72] and manually adjusted. Sequences can be found at the phytozome portal using the following locus identifiers: Potri.002G015100.1 for GSTF1, Potri.002G015200.1 for GSTF2, Potri.014G132200.1 for GSTF3, Potri.T035400.1 for GSTF4, Potri.T035300.1 for GSTF5, Potri.T035100.1 for GSTF6, Potri.T035000.1 for GSTF7, and Potri.017G138800.1 for GSTF8. Secondary structures are labeled and shown using arrows (b-strands) and squiggles (helices). Folded regions are highlighted gray (b-strands) and yellow (helices) for available three-dimensional structures. The active site motifs of GSTFs from poplar are in bold type, colored white and highlighted black. Residues involved in GSH-binding appear in bold type. Bold and underlined letters correspond to residues of the GSTF1 H-site.
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The FEBS Journal 284 (2017) 2442-2463 ª 2017 Federation of European Biochemical Societies measured which inferred the presence of a covalently bound glutathione molecule correlating with the presence of a cysteine in the active site signature. Consistently, the titration of free thiol groups indicated that GSTF3, F7 and F8 had around one free thiol group for two cysteines whereas GSTF2 and F4 had the expected number of two thiol groups (Table 1) . By reducing the former enzymes with DTT, roughly two free thiol groups per protein could be measured. Incidentally, the reduced proteins had a tendency to precipitate indicating that GSH binding may contribute to their stability. These results were further confirmed by the fact that none of the GSTF3, F7 and F8 isoforms were retained on GSH-sepharose whereas other GSTFs were, at least partially as in the case of GSTF5 and F6. Since the experimental conditions used for mass spectrometry were denaturing and did not allow assessing the presence of noncovalently bound GSH, these results likely indicated that GSTF5 and F6 were purified as a mixture of two forms, without GSH and with noncovalently bound GSH. From analytical gel filtration experiments, the oligomeric states of these two forms were similar. Indeed, both isoforms, as all other GSTFs, eluted as a single peak with an apparent molecular mass comprised between 45 and 56 kDa and corresponding to dimers since monomers have molecular masses ranging from 23 to 25 kDa.
GSH-conjugating activities of poplar GSTFs: substrate specificity and kinetic parameters
In order to investigate whether all poplar GSTFs have the classically observed GSH-conjugating and peroxidase activities and whether they could have preferential substrates, we have tested the capacity of each recombinant protein to conjugate GSH onto a set of model substrates namely CDNB, benzyl isothiocyanate (BITC), phenethyl isothiocyanate (PITC), PNP-butyrate, and to reduce cumene hydroperoxide (CuOOH; Table 2 ). All GSTFs displayed activity toward at least one substrate. The GSTF1, F2, F3, F4, and F7 were able to perform all reactions whereas GSTF5, F6 and F8 displayed some selectivity. None of the latter enzymes exhibited CuOOH reduction activity. Moreover, GSTF8 was unable to promote glutathione conjugation onto both isothiocyanate derivatives (BITC and PITC). Surprisingly, GSTF5 and F6 were able to discriminate both molecules. While they were unable to catalyze GSH conjugation onto PITC, they did it onto BITC although they possess the lowest catalytic efficiencies (k cat /K m ) among active GSTFs. This indicated that small substrate variations are sometimes sufficient to modify their recognition and that the active sites of some GSTFs are somehow selective.
According to their higher sequence similarity and closer phylogenetic origin, enzymes belonging to the same subgroup usually showed similar catalytic profiles. This is true for the GSTF3-F7 couple, both proteins having comparable catalytic efficiencies for all substrates as well as for the GSTF1-F2 couple except for the peroxidase activity. We observed a difference of a factor 15 in the k cat /K m determined using CuOOH, which reflects a difference in the apparent K m values. In the GSTF4, F5 and F6 subgroup, while GSTF5 and F6 have the same activity profile, GSTF4 is clearly divergent. This could be related to the active site signature of GSTF4 (STAT) which is different from the one found in GSTF5 and F6 (STNT) and to its general divergence, the identity of GSTF4 with GSTF5 and GSTF6 being 67 and 66% respectively, whereas it is 98% between GSTF5 and GSTF6. Overall, whereas GSTF5 and F6 have a reduced spectrum of substrates and the lowest catalytic efficiency for most substrates except CDNB, it is interesting to note that other enzymes have their Table 1 . Analysis of the redox and oligomerization states of poplar GSTFs. As-purified recombinant proteins have been analyzed by mass spectrometry (measured molecular mass) and by analytical gel filtration (apparent molecular mass) experiments on a S200 10/300 column connected to an Akta purifier system (GE Healthcare). The ability of as-purified proteins to bind on GSH sepharose and the number of free thiol groups, if any cysteine present, was also determined. ND, not determined. a Results for GSTF1 are from [13] .
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preferred substrates. Comparing all GSTFs, GSTF1/F2 and GSTF4 are the most efficient with CDNB, GSTF8 with PNP butyrate and GSTF3/F7 with both isothiocyanates (BITC and PITC) and CuOOH. Since all poplar GSTFs were active in the GSH conjugation of CDNB, we used this test to evaluate apparent K m values for GSH (Table 3 ). They ranged from 5.5 to about 154.1 lM with the notable exception of GSTF8 which possesses an apparent K m value of 645.9 lM. Isoforms of the GSTF4, F5 and F6 subgroup have in common K m values below 20 lM whereas isoforms of the GSTF1-F2 and F3-F7 subgroups have K m values above 48 lM.
Reductase activities of poplar GSTFs: kinetic parameters and pK a measurements
The presence of a cysteine in the active site of GSTF3, F7, and F8 and the observation that these proteins are purified with a covalently bound glutathione prompted us to investigate whether these enzymes display enzymatic properties typical of Cys-GSTs. Thiol transferase and dehydroascorbate reductase activities were investigated using HED and DHA respectively. Among all GSTFs, only these cysteine-containing GSTFs were active using these substrates. Whereas GSTF8 was only active toward HED, GSTF3 and F7 were active toward both substrates, although they were more efficient with HED (k cat /K m between 10 2 and 10
) mainly because the apparent K m values for DHA were very high (Table 2) .
Then, we sought to determine the pK a values of these cysteines. GSTF3, F7 and F8 contain two cysteine residues, one at position 13 within the active site signature and one at position 20 also found in GSTF4. In order to remove the covalently bound glutathione present on the active site cysteine, these proteins have been reduced with a DTT excess and dialyzed. Moreover, we have used both intact proteins and variants in which Cys13 is replaced by an Ala to discriminate between the two cysteines. The pK a values have been determined by incubating reduced proteins at various pH with IAM or a fluorescent derivative, both molecules reacting with thiolates but not with thiol groups. When IAM was used, an additional incubation step with 2 kDa mPEG-maleimide was performed to alkylate remaining thiol groups that did not react with IAM. Hence, after a separation on nonreducing SDS/ PAGE gels, a shift of 2 kDa should be visible for all protonated cysteines at a given pH. Two migration shifts between pH 5.0 and 6.0 and between pH 9.0 and 10.0 are clearly visible for all proteins ( Fig. 2) . Since the shift between pH 5.0 and 6.0 was absent for C13A variants, we concluded that Cys13 had a pK a comprised between 5.0 and 6.0 and Cys20 a pK a comprised between 9.0 and 10.0. In order to refine these values for each GSTF, an alternative approach based on the alkylation of cysteine thiolates by fluorescein-IAM was used on the same proteins. By plotting fluorescence intensity values against pH, pK a values of 5.1 AE 0.1, 5.0 AE 0.1, and 5.2 AE 0.1 have been determined for Cys13 of GSTF3, GSTF7, and GSTF8, respectively, and values of 9.8 AE 0.2, 9.7 AE 0.3, and 9.7 AE 0.2 for Cys20 of GSTF3, GSTF7, and GSTF8 respectively (Fig. 2) .
Using site-directed mutagenesis to explore the role of active site residues Having observed that GSTF3, F7 and F8 display both GSH-conjugation and deglutathionylation activities and that GSTF8 can perform GSH-conjugation reactions in the absence of the typical serine residue, we have investigated the catalytic versatility of these enzymes using site-directed mutagenesis. Hence, nine variants (three per enzymes) bearing single or double substitutions for residues found at the first and the third positions of the active site signature (Ser11 and Cys13 in GSTF3) have been generated. All these variants were produced to similar extent to nonmutated proteins and no difference was observed in terms of solubility or stability of the recombinant proteins. Since the behavior observed for the mutated variants of GSTF3 and GSTF7, which have the same STCT active site signature, is similar, the results have been presented together whereas the results obtained for GSTF8 have been described separately.
As expected, substituting the cysteine by an alanine in both GSTF3 and GSTF7 (C13A variants) totally abolished activities toward HED and DHA (Table 4) . On the other hand, this change had not much impact on the GSH-conjugation reactions since K m , k cat and thus k cat /K m values did not vary more than by a factor 2-3. Nevertheless, the apparent K m value for GSH is slightly decreased for both variants (Table 3) , reaching values (18 lM) which are now in the range of the best values exhibited by isoforms of the GSTF4-F5-F6 subgroup. This seems to indicate that the presence of the Cys13 somehow modifies GSH binding. The effects were not really visible on the catalytic activities recorded for other substrates because of the use of saturating GSH concentrations.
The variants of GSTF3 and GSTF7 without serine at position 11 (S11A or S11A/C13A) have roughly the same activity profiles. As expected, the S11A/C13A variants were inactive in the DHA and HED assays owing to the absence of the cysteine. For both reactions, it is interesting to note that the single mutation S11A increased the catalytic efficiency by a factor 10-20 due to both a lower K m (for HED or DHA) and a higher k cat (Table 4) . Hence, the absence of the serine seems to favor the reactivity of Cys13 although apparent K m 12.5 AE 1.1 Fig. 2 . pK a determination of the cysteines in Cys-containing GSTFs. Prereduced GSTF3, F7, F8 and the C-to-A variants (F3 C13A, F7 C13A, and F8 C13A) were incubated with iodoacetamide in buffers ranging from pH 3.0 to 10.0 prior to alkylation with 2 kDa-mPEG-maleimide and SDS/PAGE analysis (upper panels). Alternatively, they were incubated with fluorescein-iodoacetamide in buffers ranging from pH 3.0 to 11.0. The pK a values were determined by plotting fluorescence intensity as a function of pH and using a sigmo€ ıdal dose-response standard curve model (lower panels). Results are means AE SD (n = 3). values of the GSTF3 S11A and GSTF7 S11A variants for GSH are increased by factors~13 and~10 respectively (Table 3) . Regarding GSH-conjugation reactions, the serine mutation had variable effects depending on the substrate considered. Indeed, there was no dramatic change in the k cat /K m values for CDNB, PNP-butyrate, and CuOOH. The situation was different with PITC and BITC since all serine-less variants became completely inactive toward both isothiocyanate derivatives. Concerning GSTF8, despite the serine is naturally absent, it exhibited a good GSH-conjugation activity with CDNB and PNP butyrate. Moreover, in accordance with the presence of a cysteine, it showed a weak reductase activity with HED but DHA. As observed for GSTF3 and F7, substituting Cys13 by an Ala abolished HED activity but also the capacity to perform GSH-conjugation reactions toward CDNB and PNP-butyrate. Then we sought to introduce the 'regular' serine at position 11 to mimic other naturally existing GSTFs, in particular GSTF3 and GSTF7. However, no GSH-conjugation or deglutathionylation activity was detected for this GSTF8 A11S variant. The reasons for the inactivity of both GSTF8 C13A and A11S variants are unclear but this may be related to conformational changes in the active site that destabilize the protein and/or are unfavorable for substrate recognition and catalysis. Finally, we have introduced a serine at the position occupied by the cysteine to generate a GSTF8 C13S variant. Whereas this variant exhibited the expected loss of deglutathionylation activity, it kept GSH-conjugation activity with CDNB and PNP butyrate though the k cat /K m is decreased for the latter substrate. More interestingly, this variant acquired a GSH-conjugation activity toward isothiocyanate derivatives. The measured catalytic efficiencies (2.10 9 10 4 and 1.49 9 10 5 M À1 Ás À1 for PITC and BITC, respectively) are extremely high being 10-100 fold higher than those of other GSTFs. As observed for the GSTF3 and GSTF7 C13A variants, the GSTF8 C13S variant had an increased affinity for GSH, the apparent K m value dropping from 645.9 to 12.6 lM (Table 3) . Altogether, these results show that a single amino acid exchange at position 11 or 13 can result in huge differences in activity and illustrate the plasticity existing at the level of the residues forming the active site signature of GSTFs.
Determination of the 3D structures in complex with GSH supports the observed versatility among active site residues
Considering the variations observed in the active site signatures and in kinetic parameters (apparent affinities for substrates, catalytic efficiencies), especially between isoforms of different subgroups, we sought to compare the 3D structures of at least one representative isoform of each subgroup. Fortunately, crystal structures of GSTF2 (STAV motif), GSTF5 (STNT motif), GSTF7 (STCT motif), and GSTF8 (AVCP motif) were obtained and compared to the previously obtained GSTF1 structure (Table 5 ) [13] . In all cases but GSTF2, initial Fourier maps clearly revealed a large positive peak in the G-site attributed to a glutathione molecule. This molecule was noncovalently bound in GSTF5. In GSTF7, the distance of 2.5 A between the sulfur atoms of the glutathione and of the cysteine of the active site motif (Cys13) did not fall within the range of expected disulfide bond length (~2.05 A). Since mass spectrometry analysis and thiol titration experiments indicated that GSH was covalently bound to recombinant GSTF7, the intermolecular disulfide bridge was most likely partially cleaved during the Xray data collection. In contrast, the crystallographic refinement of the GSTF8 structure was in agreement with mass spectrometry analyses since the refined model contained a disulfide-bridged GSH in the G-site with a distance of 2.1 A between the sulfur atoms. All GSTF structures solved in the present study adopt the canonical GST tertiary and quaternary structures as GSTF1 [13] . Each subunit of the dimers consists of an N-terminal thioredoxin-like domain (b 1 a 1 b 2 a 2 b 3 b 4 a 3 ) followed by an all-helical C-terminal domain (a 4 a 5 a 6 a 6 0 a 7 a 8 ; Fig. 3 ). Structures of all GSTFs superimposed well with a mean RMSD of 0.64 (0. 15) A and an average of 166 (5) residues superimposed. The closest models are those of GSTF1 and F2 (RMSD of 0. 28 A for 162 residues superimposed) which share the highest sequence identity (74%). The most noticeable differences are located in the b2-a2, b3-b4, and a3-a4 loops and in the segment from roughly the C-terminal end of a4 to the N-terminal end of a5 (Fig. 4) . The latter segment and the loop b2-a2 are part of the active sites which are solventexposed and thought to be critical for the recognition of electrophilic substrates [13, 32] . GSTF7 and F8 have two Cys residues, which are located on the helix a1. On the N-terminal side, Cys13 is at the heart of the active site and is covalently bound to GSH in both proteins upon production in E. coli. On the penultimate turn of the helix a1 (Fig. 1) , Cys20 is buried in a hydrophobic pocket which is consistent with its high pK a value in both proteins (see above). In the absence of GSH, Cys13 would be partially exposed to the solvent with an accessible surface area of roughly 40 A 2 , which would contribute to its reactivity together with its acidic pK a . The comparison of the structure of GSTF2 (without GSH) with those of GSTF1, F5, F7, and F8 (with GSH) did not reveal large conformational changes upon GSH binding. Four anchoring points for GSH binding were found in the G-site of GSTFs. The motif 68 
ESR (GSTF1 numbering) located at the N-terminal
c R work ¼ P hkl jjF obs jÀ jF calc jj= P hkl jF obs j, R work was calculated for the working set (95% of the data). d 5% of the reflections was selected for free R calculation. e RMSZ is the root-mean-square of all Z scores of the bond lengths (or angles) [73] .
f The MOLPROBITY clashscore is the number of serious clashes per 1000 atoms [70] . g The real-space R-value (RSR) is a measure of the quality of fit between one residue and the data in real space. The RSR Z-score (RSRZ) is a normalization of RSR specific to a residue type and a resolution bin. A residue is considered an RSRZ outlier if its RSRZ value is > 2. QV/IP preceding b3 is hydrogen bonded to the main chain of the GSHcysteine moiety and stabilizes the C-terminal part of GSH. This C-terminal part interacts also with the motif 42 Q/HK found in the loop b2-a2. The fourth anchoring point is the active site motif (N-terminal end of a1) which is at the vicinity of the GSH thiol group. In GSTF5 (motif STNT), the lateral chains of the first three residues of the active site signature are indeed in the right position to have a role in catalysis (Fig. 5) . Indeed, their polar groups are at a distance of < 4
A from the GSH sulfur atom. The same was observed in the structure of GSTF7 (motif STCT) albeit there are a few conformational changes. In GSTF8 (motif AVCP), the cysteine of the motif is the only polar group near the GSH sulfur atom. The edges of the H-site were defined from a MES (2-(N-morpholino)ethanesulfonic acid) molecule found in the GSTF1 structure [13] . In GSTF1, the MES molecule was surrounded by the residues 12 LST from the b1-a1 loop, 37 L from the b2-a2 loop, 119 H and 123 F from a4 (Fig. 1) . The analysis of the GSTF structures solved in this study revealed subtle differences, which modified the physico-chemical properties and the sizes of the respective H-sites. Whereas GSTF1, F2, F5, and F7 have some polar residues they are exclusively aliphatic in GSTF8.
Discussion
Previous phylogenetic analyses indicated that GSTFs are only found in a few restricted lineages, mostly higher plants and fungi and in some bacteria and protists [13, 43, 44] . Among photosynthetic organisms, the number of genes ranges from 1 in S. moellendorffii to 38 in T. aestivum which strongly argues for the occurrence of gene duplication in a species-specific manner [13] . In principle, such expansion by gene duplication should be followed by neo-or subfunctionalization but this needs to be validated for the GSTF class because numerous duplicated genes share a high sequence identity. Hence, the presence of eight genes in P. trichocarpa raises the question of their potential redundancy or specificity. Performing genetic studies is not trivial in poplar and such an approach has been unsuccessful in Arabidopsis likely because some functional redundancy exists between isoforms [23] . The expansion of gene families is often explained by the existence of specific gene expression patterns as already shown for Arabidopsis GSTFs [19, 23] . Hence, we have initially tackled the question of the GSTF specificity/redundancy in poplar by analyzing their transcript expression patterns in several organs. However, it turned out that they redundantly accumulate in reproductive organs and leaves [13] . While the expression criterion did not allow discriminating poplar GSTFs so far, the existence of specific stress-induction patterns remains to be investigated. Moreover, because all poplar GSTF proteins are predicted to be cytosolic, a difference in subcellular localization should not be a major factor explaining this expansion. Note however that in A. thaliana 3 out of 14 isoforms present a dual localization. In addition to a cytosolic localization, The GSTF12/TT19 is also partially associated to the tonoplast, and GSTF2 and GSTF8 may also be targeted to plastids [20, 31, 45, 46] . Hence, to further explore the question of redundancy among poplar GSTF isoforms, we have analyzed whether primary and tertiary structure variations can generate diversity in the biochemical and enzymatic properties.
GSTFs of the same subgroup 'usually' exhibit similar substrate specificities and catalytic efficiencies All poplar GSTFs displayed GSH-conjugation activity at least toward some tested model substrates with catalytic efficiency levels in the same range of those previously reported for GSTF orthologs i.e., around 10 2 -10 3 M
À1
Ás
À1 [16, 19, 20] . In poplar, GSTFs of the same subgroup, which usually means the most recently duplicated, display very comparable patterns of substrate specificity and catalytic efficiency. Since this was already extensively described in the results section, we will focus more on counterexamples in this part. One example is the difference between GSTF4, which exhibits GSH-conjugation activities against all substrates tested and peroxidase activity, and GSTF5/F6, which lack peroxidase activity and GSH-conjugation activity toward PITC. Another example is exemplified by GSTF1 and F2, which share~75% sequence identity. and F8 as in the previously solved GSTF1 structure. The GSH molecules, the MES molecule (in GSTF1 structure), the residues of the active site motifs and the residues of the GSH-binding motifs are shown as sticks and colored according to atom type (nitrogen, blue; oxygen, red; sulfur, yellow; and carbon, gray/magenta). All residues shown are labeled and the first numbers of each motif are given. The active site motifs are labeled in bold type. Putative interactions between the glutathione sulfur-atom and residues of each active-site motif are indicated by cyan dashed-sticks. Other hydrophilic interactions between the glutathione molecules and the enzymes are shown as black dashed-sticks.
Whereas both enzymes exhibited comparable kinetic parameters for all tested substrates, the catalytic efficiency of GSTF1 toward CuOOH is about 16-fold higher than the one of GSTF2, which is mostly explained by a difference in K m values ( Table 2) . The presence of three extra amino acids in GSTF2, which are positioned downstream the a4 helix at the level of the H-site, may generate variations in the H-site topology accounting for this difference in peroxidase activity. Focusing on the peroxidase activity, whereas all GSTFs possess this activity there are important variations among GSTF isoforms. The catalytic efficiencies measured under steady-state conditions for both GSTF3 and F7 (around 5 9 10
) are in the same order of magnitude of those reported for GSTFs defined as highly active GSH-peroxidases [26] . To understand whether this glutathione peroxidase activity is relevant in plants, we sought to compare with other known thiol-dependent peroxidases. We can exclude from this comparison heme-containing peroxidases as catalases and ascorbate peroxidases which are certainly very efficient but specific to H 2 O 2 contrary with thiol peroxidases which reduce a broader range of peroxides and to GSTFs that are not active with H 2 O 2 . In fact, most plant thiol peroxidases, including peroxiredoxins (PRXs) and the so-called glutathione peroxidase-like proteins (GPX-like) are dependent on thioredoxins [47] . Only a specific plant PRX subgroup named PRX II possesses GSH-dependent peroxidase activity but it usually requires glutaredoxins (GRXs) as intermediate catalysts [47] . The catalytic efficiencies measured under steady-state conditions for all these thiol peroxidases such as PRX Q, PRX IIE, PRX IIF, or GPX5 are globally quite comparable or slightly above being often in the range of 10 3 -10
M
À1 Ás À1 [48] [49] [50] [51] . Hence, at this stage, the fact that GSTFs reduce complex peroxides as those that could be formed at the levels of membranes and HNE, a toxic by-product of lipid peroxidation [13] , and that their activity relies on a GSH reducing system, make them relevant physiological actors for peroxide removal in plants.
A last divergence among GSTFs for substrate specificity concerns GSH with apparent K m values varying by a factor~130 from 5 to 645 lM. These differences are somehow surprising considering that GSH position in the G-site of the solved GSTF structures is relatively invariant and that residues involved in its binding are very much conserved. It is also worth mentioning that these values are lower compared to those measured for Cys-GSTs such as plant GSTLs, DHARs, and GHRs, fungal and human GSTOs or GRXs which have apparent K m values in the mM range [12, 52, 53] . From the differences observed with intact enzymes and variants mutated for active site residues, it clearly appears that residues of the active site signature have balanced effects on this parameter (Table 3) .
Is the Cys present in the active site signature of some GSTFs really relevant for a physiological catalytic activity?
In the course of this work, we have observed that GSTF3, F7 and F8 possess activities typical of both Ser-GSTs (GSH conjugation or peroxidase activities) and Cys-GSTs (thiol transferase or reductase activities). Such a dual activity profile has never been reported for plant GSTs but it should be widespread in the plant kingdom since the STCT signature found in poplar GSTF3 and GSTF7 is present in many plant GSTs including two GSTF isoforms found in the nonvascular plant, the moss Ph. patens, and the single isoform found in the lycophyte S. moellendorffii. From the mutational analysis, the deglutathionylation activity is strictly dependent on the presence of Cys13. However, the catalytic efficiencies obtained for these cysteine-containing GSTFs (around 10 2 -10 relevance [12, 52, 53] . To our knowledge, only a few other examples of such dual activity exist. The TCHQD from Sphingobium chlorophenolicum also referred to as PcpC is clearly one of these prototypes. It possesses an 11 
SICS
14 active site sequence very conserved among bacteria. For the reductive degradation of pentachlorophenol, the enzyme catalyzes both GSH-conjugation (for initial dechlorination) and reduction and the Cys13 is clearly required for the second reaction [54] . This cysteine is not conserved in plant TCHQD orthologs, some of them having for instance SIDS signatures. Another example is the Proteus mirabilis GSTB1-1 which belongs to the bacterial-specific Beta class and displays a 9 SCSL 12 motif [55] . As observed for the poplar GSTF3 and F7, the Ser9 in GSTB1-1 is not required for GSH-conjugation reaction whereas Cys10 is mandatory to the reductase activity at least in the HED assay [55, 56] . According to the reactivity of the cysteines in these isoforms, the pK a is decreased to 5.2 in Pr. mirabilis GSTB1-1 [55] and to 5.1, 5.0, and 5.2 in GSTF3, F7 and F8 respectively. As a matter of comparison, these values are quite similar to those measured for the catalytic cysteine of the CPFC/S motif found in DHAR1 (4.5) [57] and of the CPYC or CPFC motifs found in several poplar GRXs, around 4.6 for GRXC3/C4 and around 5 for GRXC1/C2 [52] .
Considering the rather poor catalytic efficiency of these GSTFs for thiol transferase reactions and the fact that the presence of the cysteine also negatively affects glutathione binding, it is unclear why this cysteine has been retained in many GSTFs during evolution. One possible explanation is that these proteins have specific, yet unknown, glutathione-conjugated substrates. Considering the case of GSTF8 orthologs, the major function of which seems to be associated with the noncatalytic transport of anthocyanins [31, 37] , another explanation is that this cysteine regulates ligandin function. Indeed, a glutathionylated isoform should be catalytically inactive and could sustain ligandin function by blocking the G-site. The reversibility of this modification would be a convenient way to regulate this noncatalytic activity. The capacity of glutathionylated GSTF8 to bind anthocyanins should be tested to address this point.
A reconsideration of the split into Cys-, Ser-, and Tyr-GST classes
Besides the general degree of homology, GST classes have been classically defined as containing three types of catalytic residues. The cysteine reminiscent of the ancestor GRX domain and still present in several classes as DHARs, GSTLs, or GHRs would have been replaced by a serine located exactly at the same position during evolution in classes such as Phi, Tau, Zeta, or Theta GSTs [58] . The serine and the cysteine are situated in the b1-a1 loop just before the a1 helix. In several isoforms mainly found in the mammalian alpha, mu and pi classes, the GSH-activation function is rather ensured by a tyrosine positioned at the end of the b1 strand. This variation already illustrated the variability found in particular in the G-site of GSTs but the examples described above and below clearly add some complexity.
Most of the GSTFs bear a STxx signature consistent with their classification as Ser-containing GSTs. However, GSTF8 orthologs possess quite often AxCx motifs without any hydroxylated residues. The results obtained with the serine-less poplar GSTF8 and with mutated GSTF1, GSTF3, F7 clearly indicate that the serine is not essential for the GSH-conjugation activity [13] . On the other hand, it was interesting to observe that introducing a serine at position 11 in GSTF8 (GSTF8 A11S variant) did not improve GSH-conjugation reactions whereas substituting Cys13 by a Ser (GSTF8 C13S variant) conferred a strong GSH transferase activity toward
isothiocyanates showing incidentally that the position 13 is also optimal for Ser-GST activity type. All these results point to the fact (a) that other mechanisms/ residues should compensate for the lack of Ser11 to decrease the pK a of the cysteine of GSH as the electron-sharing network proposed for an insect GST Delta class [59] and (b) that several residues present in the active site signature and thus in the b1-a1 loop are adequate for catalysis as long as they adopt the right rotamers. In GSTF5 or GSTF7 structures, the GSH-thiol group is almost equidistant to polar sidechain groups of residues forming the active site signature (Ser12, Thr13, and Asn14 in GSTF5 and Ser11, Thr12, and Cys13 in GSTF7). This clearly supports the dual activity observed in vitro and the strong effects on the apparent K m values for GSH induced by the mutations. Moreover, for the numerous isoforms having the STxx signature, Thr12 could also participate to GSH activation. It is interesting to note that the Phi and Zeta classes are evolutionary closely related, with Zeta class members having a highly conserved SSCX active site signature. The physiological function of GSTZs is to catalyze the isomerization of maleylacetoacetate to fumarylacetoacetate, which is the penultimate step in the tyrosine and phenylalanine catabolism [60] . From mutagenesis performed on human GSTZ1-1 and A. thaliana GSTZ1, it was concluded that the first Ser is essential for this activity, contrary with the cysteine although its mutation affected the measured reactions [60, 61] . In these studies, the thiol-transferase activity was not considered. At the structural level, the active site signature of GST Zeta displays the same configuration than the one in GSTF7, the thiol group of GSH cysteine being roughly at equal distance of the hydroxyl moieties of the two serines and of the cysteine sulfhydryl group [60] . Hence, what should make the difference in such cases is the Hsite, which is also crucial for substrate recognition and variable across GST classes. The H-site of GSTZ1 contains basic residues promoting the binding of the acid groups of maleylacetoacetate [60] . It is clearly more polar compared to typical GSTs. In poplar GSTFs, subtle differences are visible when superimposing the structures that could be relevant for generating substrate specificity in the situation where the signatures otherwise perfectly match. This is exemplified by the differences observed between GSTF5 and F6 with both isothiocyanates or between GSTF1 and F2 with CuOOH.
To conclude on the plasticity of the GST active site motifs, we find relevant to mention a few other examples that appeared during evolution. The GSTOs and GSTLs are included in the Cys-GST classes but there is quite a number of isoforms displaying a serine instead of the cysteine in both classes [8, 62] . In the fungal Ure2p class, the activity of Phanerochaete chrysosporium isoforms relies on the presence of an asparagine found at the third position of the catalytic signature (often TPNG) [10] . In the fungal-specific GSTFuA family, the serine is replaced by a glycine, an asparagine or an alanine in some isoforms/subclasses [63] . Hence, although the separation between Cys-GST and Ser-GST classes is relevant in most cases and useful for the sake of the discussion, this is very often not as clear-cut.
To summarize, we observed here that the poplar GSTF3, F7, and F8 isoforms possessed both GSHconjugation and deglutathionylation activities, as would have the ancestral GSTF isoform found in nonvascular plants owing to their shared STCT active site signature. This counter-intuitive activity profile is explained at the structural level by a specific active site geometry, which allows several residues to be adequately positioned for catalysis. While the cysteine is required for deglutathionylation reactions, the serine is not mandatory for GSH-conjugation reactions. Although there are a few differences in the specificity among GSTFs with the model substrates tested and that GSTF8 likely has a more aliphatic H-site, the Hsite configuration does not seem at this stage to sustain a particular substrate recognition pattern, which would have supported GSTF expansion. However, this will have to be explored using physiologically relevant molecules.
Materials and methods
PCR cloning and site-directed mutagenesis
The coding sequences of GSTF2, 3, 4, 5, 6, 7, 8 were amplified from P. trichocarpa female flower or leaf cDNAs or from P. trichocarpa 9 Populus deltoides Beaupr e using specific primers (Table 6 ) and were cloned either into pET3d between NcoI and BamHI restriction sites for GSTF2 or into pET12a between NdeI and BamHI restriction sites for other GSTFs. All amplified coding sequences matched the genes found in the P. trichocarpa reference genome, except GSTF3 which has a histidine instead of a glutamate at position 60 and GSTF4 which is clearly a Po. deltoides allele since it is perfectly identical to two EST sequences (DT507646 and DT51666) from this species. It differs from the P. trichocarpa reference genome in seven positions, Thr11, Ala16, Phe20, Glu29, Gly142, Val147, and His181 are replaced, respectively, by an Ala, a Thr, a Leu, an Ala, a Val, an Ile, and a Gln. Various catalytic mutants for GSTF3, 7 and 8 were generated by site-directed mutagenesis using two complementary mutagenic primers (Table 6 ) following a previously described method and cloned into pET12a [13] . The sequences have been confirmed by DNA sequencing.
Heterologous expression in Escherichia coli and purification of the recombinant proteins
The E. coli BL21(DE3) strain containing the helper plasmid pSBET was transformed with expression plasmids and subsequently grown in LB medium at 37°C containing kanamycin (50 lgÁmL
À1
) and ampicillin (50 lgÁmL
). When the bacterial culture reached exponential phase characterized by an absorbance at 600 nm of 0.7, the expression of recombinant proteins was induced by adding 0.1 mM of isopropyl b-D-1-thiogalactopyranoside and cells were further grown for four additional hours at 37°C. Bacterial cells were then harvested by centrifugation (30 min, 6200 g) and the pellet resuspended in a 30 mM Tris-HCl pH 8.0, 1 mM EDTA, 200 mM NaCl buffer was frozen. After thawing the cells, lysis was completed by two rounds of sonication of 2 min and the soluble fraction was separated from cellular debris and protein aggregates by centrifugation (30 min, 27 000 g, 4°C). The supernatant of the cell lysate was then precipitated with ammonium sulfate to successively 40% and 80% of the saturation. After analysis on SDS/PAGE, the fraction containing the majority of the recombinant proteins was subjected to a size-exclusion chromatography by loading the protein extract on an Ultrogel Ò ACA44 (5 9 75 cm; Pall Corporation, Port
Washington, NY, USA) column equilibrated with a 30 mM Tris-HCl pH 8.0, 1 mM EDTA, 200 mM NaCl buffer. The fractions containing the recombinant proteins were subsequently pooled and dialyzed to remove salt by ultrafiltration using Amicon cells equipped with an YM10 membrane (Merck-Millipore, Darmstadt, Germany) and loaded onto a DEAE-cellulose column (Sigma Aldrich, Saint-Quentin-Fallavier, France) equilibrated with a 30 mM Tris-HCl pH 8.0, 1 mM EDTA buffer. When recombinant proteins were retained (GSTF3, F7, and F8 as well as catalytic variants of these isoforms), they were eluted using a 0-0.4 M NaCl gradient, dialyzed again, concentrated, and finally stored in 30 mM Tris-HCl pH 8.0, 1 mM EDTA, 200 mM NaCl buffer. When they were not retained (GSTF2, F4, F5, and F6), the flow through was directly concentrated and stored in the same buffer as above. Protein purity was assessed by SDS/PAGE analysis. Protein concentrations were estimated by measuring the absorbance at 280 nm using specific theoretical molar extinction coefficients determined using the Expasy Protparam tool (http://web.expasy.org/protparam/). In order to increase protein purity or to assess the presence of bound GSH, purified GSTFs were systematically loaded onto a glutathione sepharose 4B column (GE Healthcare, Chicago, IL, USA) equilibrated with PBS buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4). After extensive washing steps with the same buffer, proteins were eluted with 50 mM Tris-HCl pH 8.0, 20 mM GSH buffer and analyzed by SDS/PAGE.
Enzymatic activities
The GSH conjugation activity toward PITC, BITC, CDNB, and 4-nitrophenyl butyrate (PNP-butyrate) was assayed at 25°C in 500 lL reaction mixture using a spectrophometric detection as described previously [13] . For each substrate, the concentration range used, monitored wavelength, molar extinction coefficient, and buffer have been indicated between parentheses: PITC (50- 100 mM phosphate buffer pH 7.5). Thiol-transferase, dehydroascorbate (DHA) reductase, and peroxidase activities have been measured in 500 lL reaction mixtures at 25°C toward 2-hydroxyethyl disulfide (HED), DHA, and CuOOH based on a NADPH-coupled spectrophotometric assay. The assays were performed in 30 mM Tris-HCl pH 8.0 in the presence of 200 lM NADPH, 150 nM glutathione reductase (GR), 2 mM GSH and varying concentrations of HED (125-4000 lM), DHA (250-5000 lM), or CuOOH (50-7500 lM). This is clearly a saturating GSH concentration (> 10 K GSH m ) for most proteins except GSTF8 that possesses a higher K m for GSH and for which a 3 mM GSH concentration was used. For the aforementioned enzymatic assays, reactions were started by addition of the enzyme at concentrations varying according to the substrates but always within the linear response range (0.1-5 lM). The consumption of NADPH was followed at 340 nm and activities calculated using a specific molar absorption coefficient of 6220 M À1 Ácm À1 . The spontaneous reaction rate of GSH with substrates was subtracted to the enzymatic reaction rate. Enzymatic assays were performed in triplicate for each substrate concentration and data were fitted to a Michaelis-Menten nonlinear regression model using GRAPHPAD PRISM 6 software (GraphPad Software, Inc., La Jolla, CA, USA).
Thiol titration
The number of free thiol groups in as-purified or reduced recombinant GSTFs was assessed using 5,5 0 -dithiobis-(2-nitrobenzoic acid) (DTNB). Each protein at a concentration of 30 lM was denatured using 6 M guanidine hydrochloride in 500 lL. After adding 200 lM DTNB and a dark incubation of 30 min, absorbance at 412 nm reflecting the release of a TNB-molecule per thiol group was measured. The number of SH groups was determined from a molar absorption coefficient of 13 600 M À1 Ácm À1 at 412 nm. The protein : SH group ratio was used to determine the number of free thiols per protein. When proteins were reduced prior to thiol titration, excess DTT was removed by precipitation with 10% trichloroacetic (w/v) acid (TCA) for 30 min on ice. The mixtures were then centrifuged for 15 min at 14 000 g and the pellets washed three times with 1 mL of 2% TCA. The pellets were finally resuspended in 500 lL of 6 M guanidine hydrochloride and the rest of the procedure was as above.
Determination of the apparent molecular masses by analytical size exclusion chromatographies
The apparent molecular masses of purified proteins were determined by size exclusion chromatography on a Superdex 200 10/300 column equilibrated with a 30 mM Tris-HCl pH 8.0, 200 mM NaCl buffer and connected to an Akta purifier system (GE Healthcare). About 100 lg proteins were injected at a flow rate of 0.5 mLÁmin
À1
. The apparent molecular masses were deduced from their retention time in comparison to standards (6500-660 000 Da) from SigmaAldrich.
Electrospray mass spectrometry analysis
The molecular mass analyses were performed by high resolution electrospray ionization-MS spectra on a Bruker microTOF-Q spectrometer (Bruker Daltonics, Bremen, Germany) equipped with an Apollo II electrospray ionization source with an ion funnel and operated in the negative ion mode as described previously [13] .
pK a determination
The cysteine pK a have been measured with prereduced proteins using iodoacetamide (IAM) for SDS/PAGE visualization or using a derived-fluorescent version, fluorescein-iodoacetamide for fluorescence measurement. Both molecules react with thiolate but not thiol groups. For IAM treatment, 10 lM of recombinant proteins were incubated during 2 h under shaking with a 10-fold excess IAM in 50 lL of 100 mM sodium citrate, phosphate, or borate buffers with one pH unit interval ranging from pH 3.0 to 10.0. Excess IAM was removed by precipitating proteins with 10% TCA on ice. After centrifugation (10 min -14 000 g) and two washing steps with 100 lL of 100% cold acetone, proteins were resuspended in 10 lL of a 100 mM Tris-HCl pH 8.0, 1% SDS, 2 mM 2 kDa mPEG-maleimide buffer by shaking during 15 min and then analyzed by nonreducing 15% SDS/PAGE. For fluorescein-IAM treatment, 5 lM proteins were incubated during 15 min with 50 lM fluorescein-IAM in 200 lL of 100 mM sodium citrate, phosphate, or borate buffers ranging from pH 3.0 to 11.0. After the same precipitation and washing steps as above, the protein pellets were resuspended in 400 lL of a 100 mM Tris-HCl pH 8.0, 1% SDS buffer. The fluorescence was measured at 518 nm after excitation at 494 nm using a Cary Eclipse spectrofluorometer (Agilent Technologies, Santa Clara, CA, USA) and the pK a values were calculated by plotting fluorescence values as a function of pH and using a sigmo€ ıdal dose-response standard curve model and the GRAPHPAD PRISM 6 software. Fluorescence excitation voltage was set up from 600 to 750 V in order to optimize fluorescence values for a given GSTF.
Crystallization and X-ray crystallography GSTF2, F5, F7, and F8 were crystallized at the respective concentration of 13.2, 16.6, 19.0, and 13.7 mgÁmL À1 using the microbatch under oil method at 4°C. The mixing ratio between the protein and the precipitant solutions were optimized (1.5/2, 1/1, 1.5/2, and 1/1 for GSTF2, GSTF5, GSTF7, and GSTF8 respectively). The crystallization conditions (Jena Bioscience GmbH, Thu¨ringen, Germany) of the proteins were as follows: GSTF2, Na MES pH 6.5, 30% PEG MME 2000, and 0.1 M Na acetate (JBS1 D4); GSTF5, Tris-HCl pH 8.5, 16% PEG 4000, 10% 2-propanol and 0.2 M MgCl 2 (JBS3 D3); GSTF7, Na Hepes pH 7.5, 16% PEG 4000, 10% 2-propanol, and 0.2 M AS (JBS2 D5); GSTF8, Na MES pH 6.5, 25% PEG 4000, and 0.2 M MgCl 2 (JBS2 C3). Crystals were briefly soaked in precipitant solution supplemented with 20% glycerol before flash cooling in all cases but GSTF7. Diffraction data of GSTF crystals were collected on beamline FIP-BM30A at ESRF Grenoble (France). Their data sets were indexed and processed using XDS [64] and scaled and merged with SCALA [65] from the CCP4 program package [66] . All structures were solved by molecular replacement with MOLREP [67] using GSTF1 as a first search model (pdb entry 4RI6). Structures were refined using automatic calculations from PHENIX [68] with manual inspection and corrections using COOT [69] . The validation of the four crystal structures was performed with MOLPROBITY [70] . The crystallographic statistics are listed in Table 5 , which also includes the pdb entries deposited in the Brookhaven Protein Data Bank.
